Selective and efficient permeation of H2 was accomplished by a thin Pd or Pd-Ag alloy membrane supported on porous alumina ceramics.
Selective and efficient permeation of H2 was accomplished by a thin Pd or Pd-Ag alloy membrane supported on porous alumina ceramics.
Such membranes were prepared by deposition of Pd or Pd and Ag on the outer surface of the support cylinder by an electroless plating technique.
It was found that either steam or CO2 reforming of CH4 was promoted beyond equilibrium by use of a membrane reactor with the Pd/ceramic composite membrane at temperatures as low as 773K.
In spite of a similar type of reforming, a quite different pattern of reaction products was obtained in the membrane reactor: H2 and CO2 from steam reforming, and H2 and CO (syngas) from CO2 reforming. Nickel catalyzed carbon-free steam reforming, and the level of CH4 conversion depended on the efficiency of the membrane for H2 permeation since the rate of H2 production was sufficiently higher than that of H2 permeation.
On the contrary, carbon deposition extensively took place in CO2 reforming on Ni catalyst, while alumina-supported noble metals showed far less selectivities for carbon deposition than did Ni even in the membrane reactor.
Differing from the activity sequence observed in the conventional reaction system, it was found in membrane reactor that it decreased in the order: Rh-Pt>Pd>Ru>Ir, due to contamination of the active surface.
Among the noble metal catalysts tested, Pt supported on Al2O3-La2O3 and Al2O3-CeO2 was effective without significant carbon deposition to enable prolonged activity.
The membrane reactor can provide a partial oxidation process with utilization of air instead of pure O2 to produce H2 or syngas. where Q is the H2 permeation coefficient which is the product of diffusion coefficient (D) and solubility constant (S) of H2, t is the thickness of membrane, and pH and pL are the partial pressures of H2 in the high and low pressure sides of membrane, respectively. The permeation coefficient of H2 is an inherent property of the membrane material. Either way of decreasing t or increasing Q can increase the flux of H2.
In order to reduce the thickness of Pd membrane, several types of composite membranes have recently been proposed13). Figure 1 conceptually shows the cross section of these membranes.
We have proposed a composite membrane consisting of a thin Pd layer deposited on the outer surface of porous materials by electroless plating method14),15). This method gives a membrane of Type A in Fig. 1 . The Pd layer can completely cover the surface, so that only H2 can permeate through the membrane with 100% selectivity.
Plating procedures are illustrated in Fig. 2 Source associated with alloy formation is related to increased solubility of H2 as deduced from the dependency of solubility and diffusivity on the content of Ag: the solubility into the membrane increased with increasing content of Ag, while the diffusivity in bulk of membrane decreased.
The rate of H2 permeation through the Pd-Ag membrane was also inversely proportional to the thickness of alloy membranes16),17).
Furthermore, the rate of H2 permeation was proportional to the difference in the square root partial pressure of hydrogen between outside and inside of the membrane, showing that H2 diffusion through the bulk of Pd-Ag layer is rate-determining.
There were found linear relations for Pd and Pd-Ag alloy membranes between permeation coefficient and reciprocal temperature17).
The apparent activation energy for hydrogen permeation through the membrane containing 23wt% of silver closely agreed with the value (5.7kJ mol-1) reported for a commercial palladium-silver alloy membrane18 Hydrogen migrates through the grain boundaries so that the flux of H2 is proportional to the difference in the partial pressure of H2 rather than the square root of the partial pressure, indicating more important contribution of surface diffusion than the solution-diffusion mechanism.
The reported H2 permeance and the sec-1 (close to ours) and 1000, respectively, in the range of 573-773K, when the H2 pressure in the upstream side was about 0.1MPa. Figure 5 shows the membrane reactor which is a double tubular type.
The inner tube is hydrogen permeable membrane (O.D. Ca. 10mm).
A supported nickel catalyst supplied by Tokyo Gas Co. was uniformly packed outside the membrane (reaction side). This catalyst is for low temperature steam reforming to produce SNG.
The permeation of H2 was restricted only in the section where the catalyst was packed, and the other part of the tube was plated with Ag which was not permeable to H2.
A mixture of CH4 and H2O, in a molar ratio of 1:3, was supplied quantitatively to the catalyst bed in the down-flow mode. Figure  6 shows equilibrium under the test conditions so that it is conclusive that the increased level of CH4 conversion is mainly related to the increased rate of H2 permeation from the reaction system. Figure 9 shows how the level of CH4 conversion varies with permeation rate constant, which is hydrogen permeation coefficient times reciprocal thickness of membrane, Q/t. Parenthesized numerical value in the figure represents the thickness of membrane.
The permeation coefficient is in- 
It is well-known that CH4-CO2 reaction is promoted by the same type of catalyst with that for steam reforming and that both reforming processes give similar products, since the conversion of CH4 with carbon dioxide, reaction (3), is equivalent to the difference between reaction (1) and reaction (2) . If the process is performed in the H2-permselective membrane reactor, however, CO2 reforming will
give quite different reaction products from those by steam reforming: a mixture of CO and H2, namely syngas, can directly be produced, because CO and H2 are the primary products of CO2 reforming. Undesirable reactions are hydrogenation of CO2, reaction (4), which is the reverse of reaction (2), and disproportionation of CO, reaction (5):
The most important features of the catalyst required for CO2 reforming is the minimized selectivity for carbon formation. Table 1 shows the activity of the Ni catalyst, which was successively used in the steam reforming of CH425), for CO2 reforming in both conventional and membrane reactors.
It shows the effect caused by use of membrane reactor on promotion of CH4 conversion, with reduction in CO2 conversion, meaning an increased carbon formation.
Reaction (4) can be avoided by use of a membrane which gives higher rate of H2 permeation than that of H2 formation, as in the case observed. This difference from steam reforming is a consequence of slower CO2 reforming than steam reforming as reported32).
As generally accepted, Ni is active for reaction (5), so that a large amount of carbon is deposited on the catalyst, particularly in membrane reactor. From these results, it is concluded that Ni, which is a common catalyst for steam and CO2 reforming at high temperatures, can hardly be used at low temperature, particularly in membrane reactor.
It has been reported32) that noble metals such as Rh and Ru show smaller stability of carbon deposited on them than on Ni.
It is thus reasonable to expect carbon-free operation in membrane reactor by shifting from Ni to noble metal catalysts. As observed in the conventional reaction system, the Ru catalyst used is intrinsically active for CO2 reforming, while this metal showed activity less than that of Pt in membrane reactor.
It is reasonably explained if we consider that Ru is much more active for successive degradation of CHx than for the reaction between CHx and CO2. The higher activity of Pt than Ru might be a result of the lower activity of Pt than Ru for the dehydrogenation of CHx to carbon which is less stable on Pt than on Ru.
The catalytic activity of Rh must also be much higher than that of Pt as compared with the one observed in membrane reactor, since the surface of Rh should be covered with carbon and the observed activity had to be smaller than its intrinsic activity. These results seem to be in harmony with the thermodynamic stability of carbon on the metal surface as reported by Rostrup-Nielsen and Bak Hansen32).
Another route for carbon deposition, disproportionation of CO, is not worth due consideration if the ratio of PCO2 /P2CO would be greater than the equilibrium constant of reaction (4) . The ratio at 773K, however, is calculated to be higher than 30 so that it is not practical to avoid this reaction thermodynamically.
As this reaction is also very sensitive to the catalytic metal used, it would kinetically be prevented by choosing a proper catalyst.
The activities of Rh, Ru, and Pt for CO disproportionation were compared29), and it was found indisputably that Pt was less active for this reaction than the other metals.
It is not simple to determine which of the reactions causes carbon deposition during actual CO2 reforming. Figure  11 shows If either disproportionation of CO or decomposition of CH4 were a possible route to cause carbon deposition, it is reasonable to design a catalyst for CO2 reforming with less carbon deposition by developing the catalytic affinity to CO2. Table 4 shows the effects of several metal oxides added to alumina support with the intention to increase CO2 chemisorption by increasing the basicity on the activity of Pt catalyst and the selectivity against carbon formation.
As shown in Table 4 , La2O3 and CeO2 are worthy of depressing carbon formation on the Pt catalyst. Similar effects of rare earth oxides have been reported in a study of partial oxidation of CH434), in which CO2 reforming is suggested as a constituent reaction in the many steps involved. Figure 12 shows the effects of the concentration of La2O3 and CeO2 in the support on the catalytic activity expressed by the levels of CH4 conversion and dispersion of Pt. The optimum concentrations for La2O3 and CeO2 were empirically determined to be 5 and 20atom% of La and Ce metals, respectively.
The dispersion of Pt also gave maxima at these optimum compositions. Figure 13 shows the TPD spectra of CO2 from the promoted and unpromoted catalysts. It is unambiguous from these results that chemisorption of CO2 on the catalyst is increased by the addition of these oxides.
This promotive effect was reflected in the kinetic parameters for CO2 reforming determined in conventional reactor. The addition of La2O3 and CeO2 to alumina support decreased the order of reaction with respect to CO2 from 0.56 to 0.04 and 0.05, respectively, with that for CH4 almost unchanged (0.09-0.12). These results indicate that La2O3 and CeO2 give but slight effects on the nature of Pt sites to adsorb CH4, while they modify the chemisorptive properties of the support to CO2, enhancing the catalytic activity.
The time on stream variations in CH4 con- Fig. 14 . The amounts of carbon deposited in 8h on the promoted catalysts were about 4-5mg per g of catalyst, being less than that on Pt/Al2O3 catalyst (14.6mg/g-catalyst).
It indicates that CO2 chemisorption on the support is facilitated by the effect of La2O3 and CeO2, and consequentially carbon deposition is depressed by use of Pt catalysts supported on the promoted alumina.
Partial Oxidation
Partial oxidation is another route to produce H2 or syngas.
In contrast with endothermic steam or CO2 reforming, the partial oxidation is exothermic, as shown in reaction (6) for CH4. This enables simpler internal heating operation of membrane reactor.
As one of the practically attractive fields of catalysis to utilize natural gas, studies of catalytic partial oxidation of CH4 to syngas have been developing quickly in the last several years34)-44).
As shown in early works45),46) using supported Ni catalysts at high temperatures (around 1100K), it has been believed that partial oxidation results from the initial reaction of complete combustion of part of the CH4 [reaction (7)], which consumes all the oxygen available. The residual CH4 then reduces the H2O vapor and CO2, according to reactions (1) and (3), respectively. The reaction sequence has been confirmed by recent studies by Ashcroft et al. using Ln2Ru2O734) or a range of supported transition metals35) and also by Lunsford et al. using Ni/Al2O336) as catalysts. They postulated that the reaction pathway in all cases might involve initial conversion of a fraction of the CH4 feed to CO2 and H2O, followed by steam reforming reaction (1) and reverse water gas shift reaction (4) .
In contrast with these findings, Hickman and Schmidt37)-40) reported their observations showing that syngas could be formed directly via CH4 partial oxidation in the contact time of 10-2 to 10-4 sec on Pt and Pt-Rh monolith catalysts with high selectivities.
The same viewpoint was reported by Choudhary and co-workers41),42) that high selectivity to CO and H2 could be achieved in a wide range of temperatures (573-1173K) on a variety of catalysts with much greater gas space velocities (GHSV:105-106h-1).
The observed CH4 conversion and CO selectivity, however, were close to the equilibrium ones above 973K, although they exceeded equilibrium below this temperature. Contrast to the results reported by Choudhary et al. Dissanayake et al. 43 ) and Chang and Heinemann44) have recently disclosed that a hot spot is present in the catalyst bed and the reaction equilibrium is controlled by the temperature of the hot spot and not by the temperature at some cooler region of the catalyst bed.
A membrane reactor was used to the partial oxidation of CH4 using an oxygen-deficient CH4/O2 mixture using air at 773K over supported noble metal catalysts47).
The catalytic activities decreased in the order of Rh>Pt>Pd>Ir.
Conversion of CH4 in membrane reactor was remarkably higher than that in conventional reactor on Rh catalyst, as shown in Fig. 15 . An increase in CH4 conversion approaching to 100% was also observed with increasing contact time, since selective removal of H2 from the reaction system shifted the thermodynamic equilibrium toward the product side. In conventional reactor under the same reaction conditions, the approach to thermodynamic equilibrium of CH4 conversion was fast, leaving excess CH4 in the product, while the available oxygen was consumed in this phase of reaction.
Equilibrium yields were attributed to the reaction sequence in which the feed CH4 was converted to H2O and CO2, and the remaining CH4 was converted to CO and H2 via reforming reactions. In membrane reactor, CH4 conversion increased leading to an obvious promotion of equilibrium yields, because the H2 produced was selectively removed from the reaction system continuously. The results are illustrated in Fig. 16 , showing the relation of CH4 conversion to product selectivities in both conventional and membrane reactors. It was also found at high CH4 conversion that, using a membrane reactor, carbon began to deposit. The carbon deposition became more pronounced with higher CH4 conversion, accompanied with consumption of H2O in the reaction system which brought about the decrease in the ratio of CO2/CO in the reaction zone leading to the carbon forming condition of the reaction (5) favorable thermodynamically.
These results show that the reaction path involves a sequence of initial, complete oxidation of part of the CH4 to CO2 and H2O, followed by highly endothermic steam and CO2 reforming of unconverted CH4 to CO and H2 and the water gas shift reaction, establishing the equilibrium. Therefore, it is possible to produce H2 and CO2 by air partial oxidation (partial combustion) by employing feed gas with a O2/CH4 ratio of 1, as in reaction (8) steam reforming and water gas shift reaction, and also to depress carbon deposition. Utilization of air instead of pure O2 is extremely beneficial, since air separation is unnecessary. Commercial partial oxidation process unavoidably employs pure O2 to produce syngas, because the separation of N2 from the syngas is not more economical.
An alternative route to produce syngas without air separation can be effected by use of a membrane reactor: H2 and CO2 are produced according to reaction (8) in the membrane reactor in which H2 is separated from CO2 and N2, followed by reverse water gas shift reaction (4) to adjust the H2/CO ratio in conventional reactor. Separation of CO2 from N2 in the unpermeated gas from membrane reactor should be less costly than air separation. 6 Partial oxidation of CH4, an internal heating process, could also be promoted by use of a membrane reactor, which would enable the utilization of air instead of pure O2 to produce H2 and CO2, the latter being able to yield syngas via reverse water gas shift reaction.
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